ABSTRACT Mitochondria undergo frequent morphological changes to control their function. We show here that T-cell intracellular antigens (TIA1b/TIARb) and Hu antigen R (HuR) have antagonistic roles in mitochondrial function by modulating the expression of mitochondrial shaping proteins. Expression of TIA1b/TIARb alters the mitochondrial dynamic network by enhancing fission and clustering, which is accompanied by a decrease in respiration. In contrast, HuR expression promotes fusion and cristae remodeling and increases respiratory activity. Mechanistically, TIA proteins downregulate the expression of optic atrophy 1 (OPA1) protein via switching of the splicing patterns of OPA1 to facilitate the production of OPA1 variant 5 (OPA1v5). Conversely, HuR enhances the expression of OPA1 mRNA isoforms through increasing steady-state levels and targeting translational efficiency at the 3= untranslated region. Knockdown of TIA1/ TIAR or HuR partially reversed the expression profile of OPA1, whereas knockdown of OPA1 or overexpression of OPA1v5 provoked mitochondrial clustering. Middle-term expression of TIA1b/TIARb triggers reactive oxygen species production and mitochondrial DNA damage, which is accompanied by mitophagy, autophagy, and apoptosis. In contrast, HuR expression promotes mitochondrion-dependent cell proliferation. Collectively, these results provide molecular insights into the antagonistic functions of TIA1b/TIARb and HuR in mitochondrial activity dynamics and suggest that their balance might contribute to mitochondrial physiopathology.
M
itochondria function as cellular "powerhouses" to efficiently generate metabolic energy in the form of ATP. They also play critical roles in many cellular functions, including intermediary metabolism, calcium signaling, reactive oxygen species (ROS) defense and production, and cell survival and death, and their activity and function are optimized and adapted to the metabolic demands of different cell and tissue types (1) .
Mitochondria form interconnected networks that continually fuse and divide. Beyond de novo mitochondrial biogenesis, the dynamic equilibrium between fusion and fission events and associated inner membrane remodeling are fundamental for mitochondrial morphology and function in eukaryotic cells (2) . The inner mitochondrial membrane is extensively folded, producing invaginations called cristae, which control oxidative phosphorylation (OXPHOS), electron and metabolite transport, and cell death and survival (3) . Consequently, mitochondrial network dysregulation is linked to several tightly packed cristae together with structural changes affecting crista organization and architecture, becoming more electron dense ( Fig. 1B and C) . Overall, these observations suggest that TIA1b, TIARb, and HuR are antagonistic modulators of mitochondrial dynamics by promoting mitochondrial crista remodeling, clustering, and fission/fusion.
Ectopic expression of TIA1b, TIARb, and HuR alters cell respiratory rates. Because changes in mitochondrial dynamic networks often go hand in hand with alterations in mtDNA copy number (1, 2), we quantified the ratio of mtDNA and nuclear DNA (nDNA) in cell lines using specific primers against two mtDNA genes (ND1 and Dloop) and two nDNA genes (ACTB and 18S). The mtDNA/nDNA ratios were similar between control and FT293 cells ( Fig. 2A) , suggesting that the changes to mitochondria are linked to reorganization/dynamics rather than de novo mitochondrial biogenesis.
We hypothesized that the differences in mitochondrial morphology observed between FT293 cells would result in distinct metabolic phenotypes. Specifically, we expected that the mitochondrial cristae and spatial remodeling in TIA-expressing cells would lead to a dissociation of the electron transport chain (ETC) and a less efficient oxidative phosphorylation (OXPHOS) capacity. The opposite effect would be expected in HuR-expressing cells. We therefore measured mitochondrial oxygen consumption rate (OCR) in FT293 cells using the Seahorse Bioscience XF analyzer. The mitochondrial respiratory response was measured before and after stress tests by sequential addition of oligomycin, 2,4-dinitrophenol, and rotenone and antimycin A to determine ATPlinked, maximal, and nonmitochondrial respirations, respectively (Fig. 2B) . Basal mitochondrial respiration was higher in HuR-expressing cells than in GFP-, TIA1b-, and TIARb-expressing cells ( Fig. 2B and C) . Moreover, maximal mitochondrial respiration, ATP production, and spare mitochondrial respiration capacity were also significantly higher in HuR-expressing cells than in control GFP cells, whereas these metrics were modestly lower in TIA1b-and TIARb-expressing cells ( Fig. 2B and C and data not shown). The extracellular acidification rate (ECAR), an index of glycolysis, was also higher in HuR-expressing cells than in controls, whereas it was lower in TIA1b-and TIARb-expressing cells (Fig. 2D ), indicating that anaerobic glucose oxidation is increased in HuR-expressing cells and decreased in TIA1b-and TIARb-expressing cells ( Fig. 2E and data not shown). Ectopic expression of TIA1b or TIARb thus provokes respiratory deficiency and compromises mitochondrial function, but without significant impact on short-term cell survival (28) . These findings indicate that expression of TIA1b and TIARb has a negative effect on ETC function, whereas HuR expression has a positive effect.
TIA1b, TIARb, and HuR differentially regulate OPA1 gene expression. A key player of both mitochondrial architecture and dynamics is the mitochondrial inner membrane-distributed protein dynamin-related GTPase OPA1, which promotes inner membrane fusion and crista remodeling (29) (30) (31) . Given the major changes observed in crista architecture and morphology in FT293 cells, we tested whether this reflected differential expression of OPA1. The human OPA1 gene contains 29 exons (Fig. 3A) (29, 30) . Alternative splicing of OPA1 exons 4, 4b, and 5b generates eight different RNA isoforms (Fig. 3B) , resulting in eight protein variants with diverse effects on mitochondrial architecture and dynamics (29) (30) (31) . We first established the expression profile of OPA1 RNA isoforms in FT293 cells by reverse transcription-PCR (RT-PCR) using primer pairs designed for constitutive exon 3 as well as constitutive exons 9 and 10 ( Fig. 3B) . We identified three amplified products of 762, 708, and 600/597 bp in GFP-and HuR-expressing cells (Fig. 3C) , which may correspond to OPA1 isoforms 8, 7, and 4/1, respectively (32) . The DNA fragments of 708 and 600/597 bp were robustly amplified. In contrast, we observed a reproducible splicing switch in TIA1b-and TIARb-expressing cells, with a decrease in the levels of the 762-and 708-bp fragments and the amplification of a fragment of 654/651 bp, which may correspond to OPA1 isoforms 6 and/or 5, respectively, containing the 4b exon (Fig. 3C ). This splicing switch was specific for TIA1b and TIARb, because cells expressing truncated versions of TIA1b and TIARb without the C-terminal domain (28) failed to regulate OPA1 exon 4b inclusion (Fig. 3D) , and the splicing patterns were identical to those of control and HuR-expressing cells ( Fig. 3C and D) . To characterize the amplified DNA fragments from endogenous OPA1 RNA isoforms, we performed an analysis with the restriction endonucleases Eco 81l and Bsh 1236ll and DNA sequencing (32) (data not shown). OPA1 mRNA isoforms 1 and 7 were predominantly expressed in GFP-and HuR-expressing cells, whereas OPA1 isoform 5 was expressed in TIA1b-and TIARb-expressing cells. We confirmed this by quantitative PCR (qPCR) analysis using specific primer pairs against exons 3, 4, 4b, 5, and 5b (to quantify the combination of alternative OPA1 exons generated by alternative splicing) and against constitutive exon 21 (to quantify the total amount of OPA1 mRNA) (Fig. 3E) (30, 32) . The results showed that OPA1 isoforms 1, 2 (this isoform must be underrepresented, because it was not significantly detected by RT-PCR [ Fig. 3C to E]), and 5 were expressed, whereas OPA1 isoforms 4, 7, and 8 were downregulated. OPA1 isoforms 3 and 6 were not detected. Additionally, HuR-expressing cells had approximately twice the steady-state levels of OPA1 mRNA as did GFP-, TIA1b-, or TIARb-expressing cells (Fig. 3E ). These findings indicate that TIA1 and TIAR proteins modulate alternative splicing of OPA1 pre-mRNA, particularly exon 4b inclusion and exon 5b skipping, whereas HuR increases the steady-state levels of OPA1 RNA isoforms. To investigate whether these changes were reflected at the protein level, we examined the relative protein expression of OPA1 in FT293 cells by Western blotting. The steady-state level of OPA1 protein is controlled by de novo synthesis and also by sequential proteolytic cleavage by posttranslational processing for import into mitochondria via a mitochondrial targeting sequence by mitochondrial processing peptidase (Fig. 3B) (29, 30) . Its fate in the inner membrane is dependent on cleavage by mitochondrial OMA1 and YME1L proteases at S1 and S2 sequences, respectively (Fig.  3F) . The action of these proteases on the long form of OPA1 (93 kDa) generates a short form (88 kDa) (Fig. 3F) (29) (30) (31) . Both forms are essential for the function of OPA1 on mitochondrial architecture and dynamics (29) (30) (31) . As shown in Fig. 3G , the relative level of short-form OPA1 was slightly lower in TIA1b-and TIARb-expressing cells than in controls, whereas the level of both long and short forms in HuR-expressing cells was higher. These observations suggest that OPA1 expression is modulated by TIA1b, TIARb, and HuR, determining the balance between fission and fusion mediated by additional regulatory genes such as those for proteases OMA1, YME1L, MFN1, and MFN2, involved in fusion, and DRP1, MFF, and FIS1, implicated in fission (2, 31) . Accordingly, molecular components associated with fusion (OMA1, YMEL1, and MFN2) were modestly downregulated in TIA1b-and/or TIARb-expressing cells, whereas the fission-associated protein MFF was slightly upregulated (Fig. 3G) , as recently reported (33) . Conversely, the effects of HuR expression were associated exclusively with the robust upregulation of long and short forms of OPA1 protein. The splicing switch of OPA1 was also visualized in TIA1b-and TIARb-expressing cells for 24 to 48 h postinduction (Fig. 3H ). As OPA1 protein was the only shared target modulated by TIA1b, TIARb, and HuR expression, we focused on the potential molular mechanisms through which these proteins regulate its expression.
TIA proteins regulate OPA1 exon 4b splicing. Data from individual-nucleotide resolution UV cross-linking and immunoprecipitation (iCLIP) analysis of TIA1 and TIAR (18) and HuR (20, 21) in human cells point to human OPA1 as a posttranscriptional target of TIA1, TIAR, and HuR ( Fig. 4A and B). To assess whether TIA1b and TIARb directly regulate alternative splicing of OPA1 exon 4b, we generated a human OPA1 minigene containing exons 4, 4b, and 5 ( Fig. 4C ) driven by the cytomegalovirus (CMV) promoter and performed a cotransfection study to determine the endogenous responses of these introns to TIA1b, TIARb, and HuR. TIA1b and TIARb could efficiently promote exon 4b inclusion ( Fig. 4D and E) . Additionally, we performed a competitivesplicing analysis by mixing OPA1 with SMN1/SMN2 and NF1 minigenes (which are targeted by TIA1 and TIAR to promote the inclusion of exons 7 and 23a, respectively [34, 35] ) in cells cotransfected with these proteins, to gauge the yield of OPA1 exon 4b splicing. The pattern of the alternatively spliced products was monitored by RT-PCR, and expression levels of the GFP-fused proteins were assessed by Western blotting. The results showed that the same degree of overexpression of TIA1b and TIARb promoted also efficient inclusion of OPA1 exon 4b (Fig. 4E) . However, overexpression of HuR alone did not appreciably affect exon 4b splicing (Fig. 4E ). To strengthen these observations, we generated a mutant OPA1 minigene harboring a substitution at the uridine-rich sequence (UUUUU to UAGAA) of intron 4b close to the 5= splice site (Fig. 4C ). Cotransfection analysis of mutant versus wild-type (WT) OPA1 minigenes with the individual TIA1b, TIARb, and HuR proteins showed that the mutant minigene was resistant to exon 4b inclusion by ectopic TIA1b and TIARb (Fig. 4F ). Likewise, a 32 P-uridine-labeled RNA probe containing the same mutation bound with less efficiency (2-fold) to recombinant glutathione S-transferase (GST)-TIA1b and GST-TIARb proteins as evaluated by UV cross-linking (Fig. 4G) . Collectively, these results are consistent with a splicing enhancing activity of TIA1b and TIARb for exon 4b inclusion in OPA1 pre-mRNA.
HuR regulates OPA1 mRNA translation via the 3= UTR. The RNA maps of TIA1 and TIAR (18) and HuR (20, 21) protein for OPA1 pre-mRNA suggest that the likely region of binding is at the 3= untranslated region (UTR) (Fig. 4A and B) . To test this, we generated a reporter construct with the entire human OPA1 3= UTR inserted downstream of the GFP coding region in plasmid pEGFP-C1 (Fig. 4H ). GFP expression was assessed by Western blotting following cotransfection of the reporter construct and GFP-TIA1b, GFP-TIARb, and GFP-HuR. As a control, the cotransfection of empty pEGFP-C1 with TIA1, TIAR, and HuR vectors showed that ectopic expression of these proteins had no effect on endogenous GFP expression (Fig. 4H ). When TIA1b, TIARb, and HuR vectors were contransfected with the GFP-OPA1 3= UTR, the level of GFP was lower in TIARbexpressing cells than in control (empty plasmid) and TIA1b-expressing cells, whereas it was higher in HuR-expressing cells (Fig. 4H) . A pEGFP-C1-OMA1 3=-UTR reporter construct was used as an additional putative target; however, GFP reporter expression was not affected by TIA1b, TIARb, or HuR expression (Fig. 4H) . Thus, the enhanced expression of OPA1 protein in HuR-expressing cells is due to activity at the 3= UTR and to the increased state-steady levels of OPA1 mRNA ( Fig. 4H and I ), whereas the reduced expression of OMA1 can be due to its reduction at the mRNA level (Fig. 4I ). In addition, the increase in GFP did not result from changes in state-steady levels of chimeric GFP mRNAs, since a similar abundance of GFP mRNAs was detected by qPCR analysis (Fig.  4I) . Collectively, these results show that HuR (functioning as a translational activator) and TIARb (operating as a translational repressor) can regulate translation of OPA1 RT-PCR and Western blotting were carried out as for panel D. (G) UV-cross-linking of GST-TIA1, GST-TIAR, and MBP-HuR recombinant proteins to U-rich and mutated sequences derived from WT and MUT minigenes. (H) Chimeric GFP constructs containing human OPA1 and OMA1 3= UTRs were generated and transfected in HEK293 cells. The relative expression levels of GFP versus ectopic GFP-tagged fusion proteins and endogenous ␣-tubulin levels were analyzed by Western blotting. (I) Relative expression levels of reporter chimeric mRNAs and endogenous mRNAs were quantified by qPCR analysis. The data were plotted and represent means Ϯ SEM (n ϭ 2 or 3). *, P Ͻ 0.05; **, P Ͻ 0.01. Molecular size markers for DNA (base pairs), molecular mass markers for protein (kilodaltons), and the identities of amplified DNA fragments and proteins bands are shown. G, 1b, Rb, and H stand for GFP, TIA1b, TIARb, and HuR samples, respectively. mRNA in a 3=-UTR-dependent manner. Thus, HuR increases both mRNA and protein levels of OPA1.
Loss of function of TIA1, TIAR, and HuR alters OPA1 gene expression and mitochondrial dynamics. We used different loss-of-function cell models of TIA1, TIAR, or HuR to analyze the protein expression of OPA1 and other molecular components involved in mitochondrial dynamics. Ablation of TIA1 or TIAR expression in mouse embryonic fibroblasts (MEFs) favored the appearance of short forms of OPA1, which was more evident in TIAR knockout (KO) MEFs (data not shown). Additionally, other molecular components of mitochondrial fission and fusion were downregulated in TIA1 KO MEFs, including MFF (33), and both DRP1 and MFN2, albeit modestly (data not shown). In agreement with previous findings (33, 36) , the dominant mitochondrial phenotype in TIA1 and TIAR KO MEFs was the appearance of elongated mitochondria more compatible with fusion phenotypes (data not shown).
We extended the analysis to TIA1, TIAR, or HuR knockdown HeLa cells. The results showed a modest increase of short protein forms of OPA1 in TIA1, TIAR, and HuR knockdown HeLa cells compared to those in control cells (Fig. 5A ), in agreement with previous observations in TIA1 and TIAR KO MEFs. However, we observed that OPA1 RNA isoform 7 in TIA1 and TIAR knockdown HeLa cells and OPA1 RNA isoform 1 in HuR knockdown HeLa cells were slightly favored compared to control cells (Fig. 5A ). These observations were also validated by transient RNA interference analysis in HEK293 cells (data not shown). Other components involved in mitochondrial fusion and fission were mostly not altered, although a slight increase in OMA1 and MFN2, as well as a decrease in one of the two protein forms assigned to MFF, was detected. Finally, the mitochondrial phenotypes observed by TEM (Fig. 5B) were very mild and more heterogeneous than those found in TIA1 and TIAR KO MEFs (30, 33) , and no major differences are found between HuR knockdown and control HeLa cells (Fig. 5B) .
Loss and gain of function of OPA1 influence mitochondrial spatial dynamics. To gain direct insight into the relevance of OPA1 expression and its isoform 5 on mitochondrial dynamics, we performed loss-and gain-of-function experiments with FT293 cells. Transfection of three commercial small interfering RNA (siRNAs) targeting all human OPA1 mRNA isoforms reduced OPA1 protein levels by 50 to 70% (Fig. 5C ). OPA1 knockdown using siRNA 1 or 3 was visualized by OPA1 immunostaining (Fig. 5D , left side). The reduction of OPA1 expression resulted in partial mitochondrial clustering in GFP-and HuR-expressing cells as evaluated by Tom20 immunostaining, whereas the opposite was modestly seen in TIA1-expressing cells, which showed partial mitochondrial scattering (Fig. 5D, right side) . Based on this observation, we tested the impact of OPA1 variant 5 (OPA1v5) expression on mitochondrial spatial dynamics. OPA1v5 expression was detected by Western blotting as an increase (2.2-fold) in the OPA1 short form (83 kDa) (Fig. 5E ), consistent with previous results (29) . We assessed mitochondrial dynamics in OPA1v5-expressing cells using the fluorescence marker mitochondrial Keima (mt-Keima) (37, 38) . OPA1v5 expression promoted mitochondrial clustering (clustering, 80%, versus network, 20%) compared to control cells (clustering, 5%, versus network, 95%) and remodeling around the perinuclear region (Fig. 5F ), in agreement with previous findings (29) . We also questioned whether the diminished expression of OMA1 observed in TIA-expressing cells (Fig. 3G ) would result in a partial reduction in the proteolytic processing of OPA1 short forms. To verify this observation of OPA1 proteolytic processing-associated dysfunction (39), transient overexpression of OPA1v5 (Fig. 5G) or treatment with carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (39) to induce mitochondrial uncoupling (Fig. 5H ) in GFP-, TIA1b-, and HuR-expressing FT293 cells was carried out. The results showed that TIA1b-expressing cells had a modestly lower proteolysis-associated yield to generate OPA1 short forms than did GFP-or HuR-expressing cells ( Fig. 5G and H) . Collectively, these findings suggest that OPA1 expression contributes significantly to mitochondrial spatial dynamics observed in TIA1b-, TIARb-, and HuR-expressing FT293 cells.
Ectopic expression of TIA proteins triggers ROS production and oxidative damage to mitochondrial DNA. Reactive oxygen species (ROS) and mitochondrial membrane potential (Δ⌿) are two parameters that are closely integrated with mitochondrial bioenergetics. To further characterize the mechanisms underlying the effects of TIA1b, TIARb, and HuR expression on mitochondria, we determined Δ⌿ using the fluorescence probe tetramethylrhodamine methylester (TMRM) (36) . Whereas Δ⌿ in TIA1b-and TIARb-expressing cells was similar to that in control cells (Fig. 6A) , HuRexpressing cells showed a 2-fold increase in Δ⌿ (Fig. 6A) . As controls for these observations, we treated the same cells with oligomycin (an uncoupler of ATP synthase and an inhibitor of oxidative phosphorylation) and CCCP (a dissipator of Δ⌿). Increased oxidative phosphorylation is often associated with increased levels of superoxide due to electron leakage from the ETC. TIA and HuR expression, particularly HuR expression, significantly increased superoxide levels compared with those in control cells (Fig. 6B ) and also significantly augmented Δ⌿ (Fig. 6A) . Both parameters can be either increased or buffered with hydrogen peroxide and/or MitoQ (MQ, an antioxidant). However, TIA1b and TIARb expression moderately increased ROS levels under conditions of nonefficient mitochondrial metabolism (Fig. 2) , suggesting that ROS could be a deleterious subproduct in this experimental setting. Excessive ROS leads to oxidative damage of nuclear and especially mitochondrial DNA (mtDNA), with the progressive accumulation of mutations leading to cell and mitochondrial dysfunction. To evaluate the potential deleterious effects of excess ROS on the integrity of cellular DNA in FT293cells, we used an anti-8-oxo-2=-deoxyguanosine (anti-8-oxo-dG) antibody to detect DNA damage caused by oxidative radicals (36) . As a control, we induced oxidative DNA damage with H 2 O 2 in control cells. As shown in Fig. 6C , anti-8-oxo-dG labeling of mitochondria was readily apparent in TIA1b-and TIARb-expressing cells but not in GFPor HuR-expressing cells (Fig. 6C ). These observations suggest that the mitochondrial DNA of cells expressing either TIA1b or TIARb is extensively damaged by ROS and/or there is an inactivation of antioxidant defense; either possibility suggests a malfunction of mitochondrial metabolism. Collectively, these observations demonstrate that TIA1b-and TIARb-expressing cells present several abnormal mitochondrial parameters involving excessive ROS production and extensively damaged mitochondrial DNA.
Ectopic TIA expression drives mitophagy, autophagy, and apoptosis. Mitophagy selectively eliminates damaged mitochondria (40) and can be activated during starvation or in response to mitochondrial dysfunction (40, 41) . We therefore explored whether the mitochondrial dysfunction in TIA-expressing cells triggered mitophagy. To evaluate mitophagy flux, we used the mt-Keima fluorescence probe (37, 38) , which emits green fluorescence at 458 nm and at pH 7.0 in mitochondria and red fluorescence at 561 nm and at pH 4.0 in mitochondrion-lysosome fusions (37) . TIA1b-and TIARbexpressing cells had a higher rate of mitophagy than GFP-and HuR-expressing cells, estimated as normalized red/green mt-Keima signals (Fig. 7A) .
Increasing evidence indicates that autophagy is activated in situations where cellular survival is seriously compromised (40) . Therefore, we next investigated whether the ectopic expression of TIA1b, TIARb, or HuR protein triggers autophagy. During autophagy, the microtubule-associated protein light chain 3-I (LC3-I) is converted to phosphatidylethanolamine-conjugated LC3-II, which associates with autophagic vesicles. As shown in Fig. 7B , LC3B-II expression was higher in TIA1b-and TIARb-expressing cells than in GFP-and HuR-expressing cells. Western blotting for autophagic markers p62/SQSTM1 and ATG16␤/␣ also illustrated the activation of the autophagic response (Fig. 7B) . The autophagic flux can also be measured by assessing the fusion of autophagosomes with lysosomes, classical hallmarks of autophagy, using the fluorescence probe GPF-LC3B-red fluorescent protein (RFP) (41-43) . The increased expression of LC3B-II correlated with the formation of autophagosomes (yellow dots), as shown by colocalization between autophagosomes (positive for GFP labeling, green dots) and lysosomes (positive for RFP labeling, red dots) (Fig. 7C) . The autophagic flux is visualized by the fusion between autophagosomes and lysosomes to generate autolysosomes (free red dots). The formation of autophagosomes and autolysosomes was found to be higher in TIA1b-and TIARb-expressing cells than in GFP-and HuR-expressing cells (Fig.  7C) . We confirmed this result using the GFP-LC3-RFP-LC3ΔG fluorescent probe (44) . This probe is cleaved by endogenous ATG4 protease into equimolar amounts of GFP-LC3 and RFP-LC3ΔG; GFP-LC3 is degraded by autophagy, whereas RFP-LC3ΔG remains in the cytosol, serving as an internal control. Thus, autophagic flux can be estimated by calculating the GFP/RFP signal ratio. The results validated the increased flux in TIA1b-and TIARb-expressing cells (data not shown). We next measured cell death by flow cytometry. Early apoptosis was significantly higher in TIA1b-and TIARb-expressing cells than in GFP-and HuR-expressing cells (Fig. 7D) . Analysis of cleaved poly (ADP-ribose) polymerase (PARP1) confirmed this result (Fig. 7B) . Overall, these observations reveal that sustained expression of TIA proteins for 4 days drives the progressive development of apoptosis and autophagy, with mitophagy-associated phenotypes.
TIA1b, TIARb, and HuR have mitochondrion-dependent opposing effects on cell proliferation. Finally, to determine the middle-term impact of TIA1b, TIARb, and HuR expression on the cell cycle, the percentage of cells in each cell cycle phase was quantified by flow cytometry. TIA1b and TIARb expression had a significant impact on cell cycle progression by delaying G 1 /S transition (Fig. 7E) , which is consistent with a previous report for short-term expression (28) . In contrast, sustained expression of HuR significantly increased the transition of S and G 2 /M cell cycle phases (Fig. 7E) . To confirm this, we analyzed cell proliferation under stringent experimental conditions to determine the degree of mitochondrial dependency, by replacing glucose with either galactose or fatty acids to promote a switch from glycolysis to OXPHOS. The results showed antagonist behaviors between TIA1b, TIARb, and HuR proteins (Fig.  7F) . Accordingly, HuR-expressing cells proliferated more quickly under all tested conditions, which was significant for mitochondrial substrates, whereas TIA1b-and TIARb-expressing cells were consistently compromised.
DISCUSSION
We provide the first characterization of the functional antagonism between TIA1/ TIAR and HuR proteins as master regulators of mitochondrial dynamics. Expression of TIA1b or TIARb triggers significant changes to mitochondrial spatial dynamics via mitochondrial fission and clustering concomitant with the modulation of key genes involved in mitochondrial architecture, including OPA1 and MFN2, which are downregulated, and OPA1v5 and MFF, which are upregulated. These regulatory events are accompanied by a reduction in mitochondrial respiration and the increase in mitochondrial dysfunction through elevation of ROS and oxidized mtDNA, triggering mitophagy, autophagy, and apoptosis (Fig. 7G) . In contrast, ectopic expression of HuR promotes mitochondrial cristae remodeling and fusion and increases OPA1 expression and mitochondrial respiration. HuR overexpression also accelerates progression through the G 2 /S cell cycle phase and proliferation in a mitochondrion-dependent manner (Fig. 7G) . These findings thus suggest that TIA1/TIAR and HuR proteins play antagonistic roles in the modulation of mitochondrial activity and dynamics.
Mitochondria are highly dynamic structures and frequently undergo fusion and fission (1-9, 31), which are events fundamental for the function and quality control of these organelles. Mitochondrial respiration is recognized as an indicator of mitochondrial health (2, 38) . We show that TIA1b and TIARb expression is associated with a deficiency in respiratory activity, whereas HuR enhances OXPHOS. These functional alterations correlate strongly with proliferative versus quiescent phenotypes found in HuR-and TIA1/TIAR-expressing cells, respectively (Fig. 7G) .
OPA1 plays a key role in mitochondrial remodeling and fusion (29) (30) (31) , and OPA1 protein isoforms relay instructions that help determine the morphology of mitochondria (29) (30) (31) . OPA1 regulates crista junction number and stability and is the sole regulator of cristae junction width (45) . Our findings show that TIA proteins posttranscriptionally downregulate OPA1 gene expression through direct regulatory events linked to splicing and translation of OPA1 and through the functional forms of OPA1 associated with proteolytic processing mediated by OMA1. In contrast, HuR upregulates OPA1 expression without affecting OMA1 expression. This opposing behavior likely contributes to the mitochondrial phenotypes of mitochondrial fission and clustering versus mitochondrial fusion and cristae remodeling observed in TIA1/TIAR-and HuRexpressing cells, respectively.
Mitochondrial clustering has been observed upon mitochondrial fragmentation, loss of mitochondrial membrane potential preceding mitophagy, disruption of anterograde movement of mitochondria, and mitochondrial biogenesis (46) (47) (48) (49) (50) (51) . However, these events are relatively understudied. Mitochondria also respond to key stresses, including hypoxia and calcium flux, by changing their subcellular distribution and localization, including coalescing/clustering around the nucleus and altering their proximity to the endoplasmic reticulum. Mitochondrial migration in cells is modulated by events that are poorly understood (51) . Our findings suggest that TIA1b-and TIARb-expressing cells may be interesting cellular models to study the molecular mechanisms triggering the spatial remodeling of mitochondria, which connect these organelles with environmental stress-associated regulatory proteins.
TIA1 and TIAR facilitate splicing of pre-mRNAs by improving the selection of constitutive and atypical 5= splice sites (52-54). Many genes whose splicing is regulated by TIA1/TIAR proteins contain auxiliary specific sequences close to the intron 5= splice sites composed mainly by U-rich stretches (52, 53) . Our results illustrate that TIA proteins regulate alternative pre-mRNA splicing of the human OPA1 exon 4b through the gain of function of a cryptic site located on the 4b intron and close to an atypical 5= splice site characterized by three tandem GU dinucleotides, a very rare and atypical 5= splice site. We suggest that binding of TIA proteins to the identified U-rich sequence on human OPA1 intron 4b promotes the recruitment of U1 small ribonucleoparticle (U1 snRNP), to recognize and promote the processing of the first GU to properly facilitate the inclusion of OPA1 exon 4b to generate OPA1 variant 5 (54) . This capacity is lost in a mutated version of TIA1 or TIAR lacking the Q-rich carboxy-terminal domain and in a mutant OPA1 minigene with a modified TIA-binding site, in agreement with previous results (28, (52) (53) (54) . This mechanism also operates in human genes regulated by TIA proteins at the alternative splicing level, as, for example, NF1 (34) and SMN1/SMN2 (35) . Our observations underscore the critical involvement of alternative splicing in regulating the expression of OPA1 RNA variants. To our knowledge, this is the first description of specific splicing factors that regulate OPA1 exon 4b splicing, possibly also exons 4 and 5b, which may help to elucidate the molecular mechanisms underlying mitochondrial dynamics and genome maintenance by providing candidate genes for mitochondrial physiopathology.
Why should many mitochondrial dynamics-associated genes be regulated by TIA and/or HuR? The most likely answer is that their mRNAs or pre-mRNAs are targeted by TIA1/TIAR and HuR through one or multiple layers to exert control of their gene expression since these regulators act as multifunctional proteins (12) (13) (14) (15) (16) (17) (18) (19) (20) . Indeed, the numbers of transcripts targeted by TIA1, TIAR, and HuR in human cells have been estimated at 11,977, 23,854, and 55,432 transcripts, respectively, based on databases of iCLIP analysis (18, 20, 21, 23) . These transcripts constitute 5 to 25% of the human genome. The relevance of this estimation is that the binding sites on human premRNAs are found both in up-and downregulated genes and are located commonly in introns and in the last exons of these pre-mRNAs, particularly on the sequences located at 3= UTRs. We have identified several mitochondrial genes involved in mitochondrial dynamics that may be regulated by TIA1/TIAR and/or HuR protein (18, 20, 21, 23) . OPA1 (this study), MFN1, MFN2, OMA1, YME1Ll, and MFF (33) are potential targets of TIA proteins, and OPA1, MFN1, MFN2, MFF, and FIS1 are also potential targets of HuR. Thus, TIA1/TIAR and HuR could orchestrate biological responses and programs whose targets may be linked to mitochondrial activity and dynamics. Accordingly, two mitochondrial components linked to survival/cell death and/or electron transport chain, cytochrome c and coenzyme Q, are posttranscriptionally regulated by TIA1/TIAR and/or HuR (55, 56) .
TIA1b-and TIARb-expressing cells present mitochondrial dysfunction associated with oxidative stress. The high production of ROS and/or failure of antioxidant defense may be the cause of the massive oxidative damage to mtDNA of TIA-expressing cells. OPA1 protein isoforms containing exon 4b (i.e., isoforms 3, 5, 6, and 8) are known to be involved in the maintenance of mitochondrial genome integrity (57). We did not detect OPA1 isoforms 3 and 6 in TIA-expressing cells, whereas the expression of isoform 8 was unchanged and isoform 5 was upregulated but apparently underprocessed by OMA1. Thus, we suggest that the downregulation of OPA1 exon 4b isoforms could impact the maintenance of mtDNA integrity and perhaps contribute to the high rates of oxidized mtDNA found in TIA-expressing cells.
Mitophagy selectively degrades damaged mitochondria, which is critical for maintaining cellular homeostasis and functions (1, 40, 41) . It is feasible that increasing the removal of defective mitochondria by mitophagy can lower the levels of ROS and the resultant cellular damage and its consequences in proliferating cells driven to quiescence (58) . Also, in response to mitochondrial DNA damage, mitophagy is increased in a positive loop, and we found that increasing mitophagy via TIA1 and TIAR overexpression could decrease the rates of mtDNA instability. These findings underline the relevance of mitophagy and/or autophagy to control the survival of cells with unstable mitochondrial DNA. On the other hand, we found that HuR-expressing cells are more efficient energy producers than corresponding control cells. Recent studies with mouse models have begun to link HuR to mitochondrion-regulated processes (59) (60) (61) .
In summary, our data shed light on the mechanisms of TIA and HuR regulation of OPA1 gene expression to tailor mitochondrial function and dynamics, in agreement with the pivotal role of OPA1 for mitochondrial homeostasis (62) (63) (64) .
MATERIALS AND METHODS
Cell cultures. FT293 cell lines expressing GFP-tagged proteins, wild-type and TIA1-and TIARknocked-out mouse embryonic fibroblasts (MEFs), and control and TIA1-, TIAR-, and HuR-downregulated HeLa cells by RNA interference were generated and grown as described previously (28, 36, 65) .
Immunofluorescence and electron microscopy analysis. Cells were processed for immunofluorescence and transmission electron microscopy analysis as described previously (28, 36, 65) .
Estimation of mitochondrial DNA copy number. We performed quantitative PCR by using SYBR green and total DNA template. We used the following primers (Sigma): mtND1primers, 5=-CCCTAAAAC CCGCCACATCT-3= and 5=-GAGCGATGGTGAGAGCTAAGCT-3=; mtDloop primers, 5=-CTGTCTTTGATTCCTG CCTC-3= and 5=-TTGAGGAGGTAAGCTACAT-3=; n18S primers, 5=-ATCCATTGGAGGG CAAGTC-3= and 5=-G CTCCCAAGATCCAACTACG-3=; and nACTB primers, 5=-ATCATGTTT GAGACCTTCAAC-3= and 5=-CATCTCTT GCTCGAAGTCCA-3=. We normalized the amount of mtDNA to the amount of the nuclear DNA (nDNA).
RNA isolation, RT-PCR, qPCR, and Western blot analysis. RNAs were isolated and purified using the RNeasy kit (Qiagen). RNAs were treated with RNase-free DNase I (Promega). cDNA was synthesized with reverse transcriptase (Promega) and amplified by elongation PCR (RT-PCR) and/or quantified by real-time quantitative PCR (qPCR) analysis as described previously (28) . The oligonucleotide pairs used to analyze the splicing patterns of human OPA1 by RT-PCR and qPCR have been described previously (29, 32) . To identify OPA1 isoforms from RT-PCR analysis, the amplified DNA fragments were digested with appropriate restriction enzymes (32) . Protein extracts from FT293 cells, MEFs, and HeLa cells were processed for Western blotting as described previously (28, 36, 65) .
Mitochondrial activity assay and determination of mitochondrial oxygen consumption rate. Cellular OCR was determined using the XF24 extracellular flux analyzer (Seahorse Bioscience). Cells were plated on XF24 microplates at 15,000/well in supplemented medium and incubated at 37°C and 5% CO 2 for 24 h. After basal respiration was measured, 6 M oligomycin was injected to inhibit complex V, and then 0.75 mM 2,4-dinitrophenol was injected to uncouple respiration. Finally, complexes I and III were inhibited by injection of 1 M rotenone and 1 M antimycin A, respectively. OCR was determined by subtracting the nonmitochondrial OCR after treatment with rotenone plus actinomycin A, whereas mitochondrial basal respiration was determined from mitochondrial OCR before administration of oligomycin. Mitochondrial maximal respiration was defined as OCR after administration of 2,4-dinitrophenol. Spare respiration capacity was defined as maximal respiration minus basal respiration. The cells shift to an almost exclusive aerobic phenotype as indicated by a low extracellular acidification rate (ECAR), and the cells shift to a more glycolytic phenotype with an average OCR equal to 20 pmol/min and an average ECAR equal to 75 mpH/min. Plasmids, transfections, and cross-linking analysis. The OPA1 minigene used for transient transfections was generated by cloning a PCR product of human OPA1 genomic DNA from exon 4 to the end of exon 5. HindIII and BamHI sequences were added to oligonucleotides to allow subcloning into pcDNA3.1 (ϩ) (Invitrogen). Specific primers for T7 promoter and OPA1 exons 4 and 5 were used for RT-PCR analysis, specifically of transcripts derived from the expression vector. Mutant OPA1 minigene was generated by site-directed PCR-based mutagenesis and confirmed by sequencing. Chimeric GFP reporters containing human OPA1 and OMA1 3= UTRs were generated by cloning PCR fragments into pEGFP-C1 vector (Clontech). Sequences were verified by sequencing. Cells were seeded in Dulbecco modified Eagle medium (DMEM) supplemented with 10% serum and antibiotics 24 h before transfection with TurboFect (Thermo Scientific). The reporter plasmids were diluted in 150 mM NaCl and incubated for 10 min at room temperature with 4 l of TurboFect reagent. After incubation for 24 h, protein and RNA samples were prepared and analyzed as reported previously (28) . RNA interference of human OPA1 was performed using 27-mer siRNA duplexes (SR303287; Origene) and Lipofectin reagent (Invitrogen) as reported previously (28) .
UV cross-linking of GST-TIA1, GST-TIAR, and maltose binding protein (MBP)-HuR recombinant proteins to U-rich and mutated sequences derived from WT and MUT minigenes was performed using RNAs uniformly labeled with 32 P-uridine corresponding to final nucleotides from exon 4b and 4b intron 5= splice sites containing U-rich and mutated sequences. Cross-linking assays were carried out in the absence or presence of 50 ng/l of added GST-TIA1b, GST-TIARb, MBP-HuR, GST, and MBP, and the products of cross-linking were fractionated by electrophoresis on 10% SDS-PAGE gels and detected by autoradiography.
Measurement of mitophagic and autophagic flux. To monitor and quantify mitophagy and autophagy, we used fluorescence probes mt-Keima (37), GFP-LC3-RFP (41) (42) (43) , and GFP-LC3B-RFP-LC3BΔG (44), respectively. Molecular markers of mitophagy, autophagy, and apoptosis were validated by Western blotting using specific antibodies against LC3, p62, ATG16␤, and PARP1 (BioNova).
Cell proliferation, cell cycle, and cell death analysis. Analysis of cell proliferation, cell cycle, and cell death was carried out as described previously (28, 36, 65) .
Statistical analysis. All data were expressed as means Ϯ standard errors of the means (SEM). Student's t test (paired 2-tailed) was applied to determine statistical significance between 2 groups. P values of Ͻ0.05 were considered statistically significant.
